Experiments in which the administration of substances to the host was followed by a rapid change in host resistance to infection have been described many times. The early literature has been well assembled and reviewed by Philipson (19) . However, no unifying concepts of either common mechanisms of action or common substances present in administered materials were formulated, so that the phenomena largely remained as isolated and individual examples which had been elicited in special circumstances. On examination of the reported findings, among them those of Pfeiffer and Issaeff (18) , Teague and McWilliams, (26) and Philipson (19) , it is clear that a number of such phenomena may well have been initiated by endotoxin.
Contemporary work in this field had its beginnings in observations of a similar nature. In the first descriptions, administration of bacterial cellwall preparations (20) or whole bacteria (8) was found to result in a temporary and rapid increase in the resistance of mice to infection with antigenically unrelated gram-negative bacteria. Shortly thereafter the active component in these preparations was identified as endotoxin (12, 21) .
At that time it was thought that the alterations in resistance might be explained as a consequence of the interaction of substrate (endotoxin) with a serum component concerned with the bactericidal reaction, which resulted in an initial depletion followed by a temporary overproduction of the latter substance. The actual pattern of altered resistance fitted this view very well in that, for about 3 hr after receiving large doses of endo-toxin, mice are more susceptible to experimental infection with gram-negative bacteria; subsequently the situation is reversed rapidly and is followed by a period of up to 5 days when enhanced resistance is demonstrable. However, it was later found that increased resistance to infection produced by endotoxin was also exerted against mycobacterial and staphylococcal infections (7) and this resistance differed in that it persisted for several weeks. Subsequently, the effects were shown to extend to still further bacterial species and to certain virus infections (25) . Moreover, some of the bacterial species were insensitive to the bactericidal action of serum.
As soon as the phenomenon had been adequately characterized, work went forward to elucidate the mechanisms by which enhanced resistance was mediated. Endotoxin produces many changes in the host, which could be significant in altering the state of resistance, but some of these appear to be of special relevance. It has been shown that endotoxin profoundly alters the functional capacity of the reticulo-endothelial system as measured by the clearance of intravenously injected carbon particles (3), P32-labeled endotoxin (10), or similarly labeled bacteria (1).
With these tests, an initial period of reduced clearance, lasting for several hours, can be shown. This is followed by enhanced reticulo-endothelial activity characterized by both more rapid clearance and greater phagocytic capacity, which persists for several days before returning to normal. The functional activity of both polymorphonuclear (6) and mononuclear phagocytes (23) has also been shown to be enhanced by endotoxin.
The cellular changes following administration of endotoxin were found to be paralleled by alterations in the serum. An initial depression of the serum properdin level was followed by increased values which persisted for a few days (12) . The bactericidal power of serum for Escherichia coli was also elevated after bacterial cell wall (21) or endotoxin administration (9) . Serum from mice 437 on December 21, 2017 by guest http://mmbr.asm.org/ Downloaded from after endotoxin treatment was found to have enhanced opsonic power for gram-negative bacterial species (11) . In addition, increased opsonic power could be measured by the blood clearance of p32_ labeled E. coli (1) and this capacity could be passively transferred. The accelerated cutaneous reactivity to endotoxins, which followed the intravenous administration of these agents to rabbits, could be passively transferred and displayed some of the characteristics of the Arthus reaction (14) . Moreover, the serum from these animals, in the presence of complement, was found to possess enhanced ability to lyse red cells coated with endotoxins serologically unrelated to the administered material.
Hence it is clear that after administration of endotoxin the serum of animals is altered in such a way that it displays increased activity in a number of different tests. Most of these tests employ situations in which antibody is known to be functional, and where an increase in antibody level could account for the improved performance. However, the nature of the host response to endotoxin differs from the classical immune reponse in two important ways. The onset is extremely rapid so that serum changes are readily detectable within hours, and the elicitation of the effect by a single product is followed by activity against a wide range of antigenically unrelated gram-negative organisms. Thus, it has been suggested that endotoxin may stimulate the production by the host of cross-reacting antibodies which have multiple specificity (14) ; or, alternatively, that gram-negative bacteria possess a common antigen possibly in the lipid component of the endotoxin (2) against which antibodies are produced. No such common antigen has as yet been demonstrated. There are other possibilities. Some nonspecific substance capable of acting like antibody may appear in increased amount following endotoxin administration; this had already been first proposed and later rejected in the case of properdin. Other nonspecific substances have been described (25) . Alternatively, greater amounts of some cofactor may appear in the serum after endotoxin, which improve the effectiveness of natural antibodies already present in the serum. Finally, the possibility should be considered that endotoxin stimulates a general increase in the level of serum antibodies which are individually specific; in this case the apparent cross reactivity would not be cross reaction at all but would be a consequence of multiple antibody release.
It is apparent that administration of endotoxin to animals leads both to cellular and to humoral changes in the host. The work to be described relates to both of these parameters. The changes both in cells and serum were different from those which had been described previously, and the objective was to attempt to determine whether the changes, both humoral and cellular, were of such a nature that they might reasonably account for the increased resistance which follows administration of endotoxin.
EFFECTS OF ENDOTOXIN ON MONONUCLEAR PHAGOCYTES
Previous work on the effects of endotoxin on cell metabolism has been concerned with effects elicited on a variety of cells exposed to endotoxin in vitro. The cells, whether mononuclear or granulocytes, originated from rabbits, a species in which nonspecific resistance has not been studied. Our attention was focused on the peritoneal macrophages of mice inasmuch as these are the phagocytic cells directly involved in the resistance of this species to a peritoneally induced experimental infection. These cells can be obtained in adequate numbers essentially free of polymorphonuclear leukocytes without prior stimulation of the host to induce exudate formation (27) . Under appropriate conditions, peritoneal macrophages have been shown to function more efficiently as phagocytes in vivo after endotoxin treatment (11) and we were interested in determining whether general changes in metabolic behavior of these cells would also follow administration of endotoxin.4
Glycolysis provides a significant index of the metabolism of cells, particularly of phagocytes. We have measured aerobic and anaerobic glycolysis of peritoneal macrophages derived from mice at various times after treatment with endotoxin. For these cells anaerobic glycolysis has shown the effects more clearly than aerobic glycolysis, but similar changes were seen in both parameters. After a dose of endotoxin the rate of aerobic and anaerobic glycolysis showed an early increase, followed by a period of depression which in turn was replaced by a period when glycolytic activity was elevated. The latter stimulation could persist for many days and did so for at least 8 days in animals we have tested. Figure 1 outlines the glycolytic activity of peritoneal cells recovered from mice at times up to 24 hr after the animals had received a dose of 5,ug of Salmonella enteritidis endotoxin. Cells harvested 1 hr after endotoxcin administration show a stimulation of glycolysis, but at all subsequent periods up to 16 hr glycolysis is depressed.
At 24 hr and at periods up to 96 hr, as shown in Fig. 2 , the glycolytic activity i~s again elevated above normal. It should be emphasized that the level of anaerobic glycolysis displayed by the cells after harvest continues at a constant rate in the Warburg flasks, and the cells recovered from the host do not pass through the progressive changes in activity which are found at various times in vivo. It is also noteworthy that macrophages exposed to endotoxin in vitro respond only with stimulation and do not show depression (28) .
These findings indicate that the depression of glycolysis which is found shortly after in vivo administration of endotoxin is induced by host mechanisms that regulate cell glycolysis and is not a direct effect of endotoxia. With smaller doses of endotoxin, the inhibitory phase is either greatly reduced or absent, and stimulation of glycolysis, although it arises more slowly, is established at levels well above normal, whereas cells from animals receiving larger doses are still in the negative phase. lation following small doses of endotoxin has varied, but one example, illustrated in Fig. 3 , was extremely marked. In this figure, the glycolytic rates 11 hr after various doses of endotoxin are compared. It is well known that small doses of endotoxin do not induce a state of acute stress in the host, whereas large doses do, and this may well be the cause of the glycolytic depression. After the effects of stress have passed off, the stimulated state returns. Up to now, no data have been obtained to determine whether the long stimulatory effect of high doses of endotoxin is due to the induction of some steady metabolic state in the physiology of these cells, or whether endotoxin as such persists in tissues.
Other workers have shown that phagocytosis of inert particles or bacteria is accompanied by increased glycolytic activity of polymorphonuclear leukocytes (5, 24) . Substances which stimulate glycolysis, including endotoxins (6), have been shown to promote phagoyctosis by these same cells, whereas substances which depress glycolysis are accompanied by reduced phagocytic activity. This correlation has not proved so easy for us to demonstrate with macrophages, although a biphasic response of mouse peritoneal macrophages has been shown with respect to their ability to phagocytize bacteria in vivo (11) . In flasks, macrophages have been found to display poor phagocytic activity for gram-negative bacteria, unless attached to a surface (22 106 Shigella dysen-Each of the endotoxins used was capable of evoking the effect but quantitative comparisons of their potencies were not made. Although there MAg of S. enteritidis were only two situations when homologous and eendotoxin-treated heterologous responses were compared, the dify at all levels than ferences were so striking as to be conclusive. The e end point values dose effect over an extended range was studied r the sera from the with a single product which provided information )ntrol animals, re-on the magnitude and duration of the serum changes in relation to dose. ividual sera are not
In the experiment illustrated in Table 2 Table 3 where 50,g of S. dysenteriae endotoxin were injected, except that the rise in antibody to heterologous strains occurred somewhat later, appearing 3 to 6 hr after endotoxin had been given. Table 4 illustrates the changes found after injection of 10 lg of E. coli strain 08 endotoxin, which is antigenically unrelated to any of the test organisms. Here elevation of antibody for all the test strains had taken place after 1 hr and then persisted throughout the Tables 2 and 3 ) that; after a large dose of endotoxin, bactericidal activity for antigenically heterologous strains rises, whereas that for antigenically homologous strains falls, argues for a specific basis for the bactericidal response. The most probable explanation of the difference is that complexing of antigen (endotoxin) with antibody occurs in the host. A nonspecific substance should be equally active against homologous strains; however, evidence of specificity was also provided by other means. The specific nature of this response has been established by absorption studies (16) and by inhibition tests in the bactericidal reaction with endotoxins of differing antigenic specificity. When sera were absorbed with a bacterial suspension, it was found that antibody activity against the absorbing strain could be removed, whereas activity against other strains was retained. Table  7 shows an example of this finding: 24 hr after 50 Mg of S. dysenteriae endotoxin had been administered, serum obtained from mice possessed 1.7 times the bactericidal activity against S. typhosa and 2.5 times as much activity against E. coli strain 0127 as normal mouse serum. When the activity against S. typlosa was removed by absorption with heat-killed bacteria, the bactericidal activity against E. coli was not significantly affected. Other absorption studies have been carried out with similar results.
Further evidence for specificity was obtained by adding antigenically homologous and heterologous endotoxins to reaction mixtures in the bactericidal reaction (17) . An example of such an experiment is illustrated in Table 8 10 jg of homologous endotoxin will abolish bactericidal activity, even 100 tig of antigenically unrelated endotoxins are without effect. Thus it can be concluded that there is a specific basis for the increase in bactericidal antibody which follows administration of endotoxin to animals and no evidence for cross-reacting antibodies was obtained.
Finally, the possibility was investigated that administration of endotoxin leads to the release of some nonspecific substance which will increase the efficiency of antibody in the bactericidal reaction. The findings so far reported would be explicable on such a basis because absorption or blocking studies would behave in a specific manner in such a situation. An example of experiments done to test this hypothesis is now given. Antibody for S. typhosa was absorbed from serum obtained from mice which had received 50 jig of S. dysenteriae endotoxin. After absorption, this serum was found still to possess increased bactericidal activity for E. coli; therefore, if a nonspecific cofactor existed, it still remained in the serum. Furthermore, a portion of this absorbed serum added as a supplement to a bactericidal titration of normal mouse serum against S. typhosa did not increase the titer or activity of the normal mouse serum. Such results make it unlikely that a nonspecific cofactor is involved and lead to the conclusion that the increase in bactericidal titer after endotoxin administration to mice was due to a low level, general increase of specific antibodies to gram-negatijve species.
SUMMARY AND CONCLUSIONS Endotoxin administered to mice leads to changes in the metabolic activity of the mononuclear phagocytes. With small doses, only stimulation occurs, but with higher doses there is an initial period of depression followed by a period of stimulation, which with large doses may last for at least 8 days. The metabolic changes may reflect the improved phagocytic performance of these cells but opsonic factors are still necessary for adequate ingestion of enterobacteriaceae. Nonetheless, the metabolic changes alone may explain the longer duration of nonspecific resistance in staphylococcal and mycobacterial infections, where opsonic factors are not an absolute requirement for phagocytosis to occur.
Following endotoxin administration there is a general release of substances active against enterobacteriaceae which show the specific activity characteristic of antibodies. These alterations in the level of antibody were produced with endotoxins in amounts known to modify resistance to experimental infection. Moreover, the serum effect was dose dependent in a manner analogous to changes in resistance. A major activity of specific antibody is the ability to opsonize organisms for phagocytosis. As the antibodies described here prepare bacteria for the lethal action of complement, it is reasonable to assume that they can also function as opsonins. Although no direct correlation has been established, the changes reported here should be intimately involved in determining the outcome of infection, since they affect both the very cells which are concerned in host defense against an intraperitoneal challenge and a humoral factor which is known to increase the efficiency of these cells as phagocytes.
Emphasis has long been laid on the lack of specificity of the phenomenon known as nonspecific resistance. This designation was based on the criterion that administration of any endotoxin led to increased resistance and activity against antigenically unrelated strains. This basis for nonspecificity cannot be questioned, but we have found that, as far as serum changes are concerned, the result of endotoxin administration is to increase the general level of specific antibody in the host. It may be appropriate, therefore, to consider whether "nonspecific resistance" is a suitable designation for this effect or whether a title more 
